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© Fast response digital interface apparatus and method. 



© The digital interface divides a digital number (N 0 ) representing the sensor reading into a most significant part 
(MSB) and a least significant part (LSB). The most significant part is used to determine the pulse width of a 
sequence of pulses and the least significant part is used to selectively modify the pulses by increasing the pulse 
width of selected ones of the pulses. A lookup table (54) is used to evenly distribute the lengthened pulses 
throughout the pulse train. The resulting waveform has a DC component representative of the original digital 
number which is extracted by low pass filtering. The energy in the non-DC spectral components is appreciably 
attenuated as compared to the spectrum of a standard pulse width modulated waveform. This makes it possible 
to use a filter (28) with considerably higher cutoff frequency and with considerably improved response time for a 
given resolution. 
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FAST RESPONSE DIGITAL INTERFACE APPARATUS AND METHOD 

Background and Summary of the Invention 

The present invention relates generally to digital signal processing and signal conversion techniques. 
More particularly, the invention relates to a digital interface apparatus capable of providing high resolution 
s and fast response time and suitable for interfacing sensors to systems requiring analog information. 
Although the invention is applicable to a wide variety of different types of sensors, it will be explained in the 
context of a noncontact displacement sensor. 

One noncontact technique for sensing displacement or change in displacement involves using a 
resonant tank circuit in which an element of the tank circuit changes impedance in response to physical 
10 movement. The change in impedance results in a change in the resonant frequency of the tank circuit and 
that change in resonant frequency can be measured and related to the physical movement. 

In a typical sensor embodiment is a rotary position sensor consisting of a pair of planar spiral coils 
placed on a stationary board with a pair of semicircular moving members located in a parallel plane above 
and below the coils. The moving members are mounted on a shaft extending between the two coils and 
is perpendicular to the plane of the coils. See. for example. U.S. Patent No. 4.644.570 which issued to Brosh 
and Landmann. entitled "Sensor Amplification and Enhancement Apparatus Using Digital Techniques." The 
position of the moving members varies the inductance of the coils in a complementary fashion. When the 
plate is rotated by the shaft in one direction, the inductance of one coil increases and the inductance of the 
other coil decreases in a related way. The coils are alternately connected to a capacitor and energized by 
so an oscillator to establish a resonant tank circuit. The position of the tuning plate changes the coil inductance 
and thereby changes the resonant frequency. By measuring the resonant frequency when the tank circuit is 
in oscillation, the position of the tuning plate can be inferred. 

By using dual complementary coils, and by multiplexing so that the two coils share the same tank 
circuit capacitor, many temperature effects and component drift errors are compensated for. The coils are 
as alternately energized and de-energized, rather than simultaneously energized, to prevent electromagnetic 
cross-coupling interference between the two coils. 

In the conventional arrangement described above, the respective coil resonant frequencies can be 
measured and a digital number or numbers representative of the resonant frequency obtained. The digital 
numbers obtained are then used as the basis for computing an integer which is used to modulate the duty 
30 cycle of a fixed frequency pulse train using the system clock. The duty cycle so modulated is thus 
indicative of resonant frequency and ultimately indicative position of the moving members. For example, in 
a digital system having 8 bits of resolution (256 possible numeric values) the number 128 is expressed as a 
50% duty cycle. It will provide a pulse which is ON for 128 and OFF for 128 of the 256 clock pulse 
repetition rate. By comparison, the number 129 is expressed as a pulse of duty cycle slightly less than 
35 50.4%. i.e., ON for 129 clock pulses and OFF for 127 clock pulses. 

By integrating or averaging the variable duty cycle pulse train using a low pass filter, the variable duty 
cycle information is converted into an analog voltage. In this fashion the sensor provides an analog signal 
with voltage level indicating the tuning plate position. 

The above duty cycle modulation approach has a serious limitation in applications requiring both high 
40 resolution and fast response time. For a system with a fixed main system clock rate, increasing the 
resolution causes the frequency of the variable duty cycle pulse train to be reduced because of the longer 
counts. In practice, the main system clock rate is fixed due to limited physical constraints of electronic 
circuitry. For example, present day CMOS devices in popular use constrain the clock rate to approximately 
10 megahertz. Faster devices are anticipated, but clock rate will still be a limiting factor. 
45 The base clock rate, in effect, dictates the frequency of the variable duty cycle pulse train. At a given 
base clock rate It takes twice as long to convey a pulse train with a repetition rate of 512 clock cycles as it 
does to convey a pulse train with a repetition rate of 256 clock cycles. Thus in improving resolution from an 
8 bit system (256 states) to a 10 bit system (1.024 states) the pulse train must increase in period (or 
decrease in frequency) by a factor of 4. An increase in resolution from 8 bits to 12 bits would similarly 
so result in a change by a factor of 16. 

This imposed decrease In pulse train frequency (increase in period) has an impact upon .^e low pass 
filter used to integrate the pulse train and produce the analog voltage level. In order to filter out the 
significantly lower frequency cycle rate of the pulse train, the low pass filter must employ much longer time 
constants and hence have a much slower response time. 

Resolution and response time thus are inversely proportional. Improving resolution degrades response 
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time and vice versa. This has practical implications in using and designing sensors. For example, a foot 
pedal position sensor in a drive by wire automotive system may require both high resolution and fast 
response time. Present noncontact sensor technology is generaily inadequate to meet such requirements. 

The present invention overcomes the above dichotomy between resolution and response time exhibited 
5 by conventional sensor interface technology. The invention is able to simultaneously provide both high 
resolution and fast response time. The invention provides a digital interface which implements a modulated 
sequence or width-modulated duty cycle pulse train. The derived integer number indicative of the sensor 
position to be represented as a variable duty cycle pulse train is divided into a most significant part and a 
least significant part. The most significant part is converted into a sequence of a predetermined number of 
io pulses in which the duty cycle of each pulse represents a value which corresponds to the most significant 
part and the repetition rate is that of the most significant part. The least significant part is used to 
selectively alter the width of selected ones of the pulses. The sequence of pulses, so altered, may be 
integrated over the sequence or averaged to extract an analog output . indicative of the original integer 
number. The invention may also be used to represent rational numbers by operating on numerator and 
75 denominator separately in this fashion. 

The apparatus and method of the invention permits high resolution data to be conveyed using a much 
higher frequency pulse train than is possible with the same clock rate using the conventional duty cycle 
modulation approach. The invention may be used as an interface for a sensor, resulting in a high resolution, 
fast-acting sensor not heretofore available. The invention may be implemented in hardware or software and 
20 is well suited to a microelectronic fabrication in which the entire circuit is masked onto a chip using ASIC 
techniques and employing SOT techniques for surface mounting directly to the sensor package. 

For a more complete understanding of the invention, its objects and advantages, reference may be had 
to the following specification and to the accompanying drawings. 

25 Brief Descri P tlon Qf jhg Drawings 

Figure 1 is a system block diagram useful In explaining the invention; 

Figure 2 is a block diagram of the measuring unit and associated interface circuitry of the system of 
Figure 1; 

Figure 3 is a block diagram of the pulse generator circuit of the invention; 
30 Figure 4 is a detailed schematic diagram of the pulse generator circuit; 

Figure 5 is a timing diagram showing the time relationships among various signals within the circuit of 
Figure 4; 

Figure 6 is a timing diagram showing the time relationships among various signals over the time interval 
T-T of Figure 5; 

35 Figures 7 and 8 are timing diagrams showing the time relationships among various signals during the 
time interval U-U of Figure 5, Figure 7 showing the case when control signal CTRL-P = 0 and Figure 8 
for the case where control signal CTRL-P = 1 ; 

Figure 9 comprises a series of timing diagrams useful in understanding the operation of the invention; 
Figure 10 is a frequency spectrum diagram illustrating the frequency spectrum and filter characteristics 
40 of a prior art pulse width modulated system; and 

Figure 1 1 is a frequency spectrum diagram illustrating the spectrum and filter characteristics when using 
the invention. 
Description of the Preferred Embodiment 

45 Referring to Figure 1, the invention is illustrated in an exemplary application as a noncontact sensor 
interface. For illustration purposes the noncontact sensing elements have been designated diagrammatically 
at 12. These sensing elements may be, for example, planar sensor coils of the configuration described in 
Patent No. 4,644,570, entitled "Sensor Amplification and Enhancement Apparatus Using Digital Tech- 
niques. 0 The sensing elements are selectively energized and thereby caused to oscillate at the resonant 
so frequency by sensor energizer circuit 14. The sensor energizer circuit, as well as other circuit elements in 
Figure 1, are controlled by control unit 16. The control unit 16 causes the sensor energizer to sequentially 
energize the sensing elements 12. The sensing elements are energized separately to prevent crosstalk 
among the sensors. As each sensor is energized, the resonant frequency of that sensor is measured and 
stored in measuring unit 18. The stored frequency data is then transferred to computing unit 20 which 
55 converts the measured frequency into a digital number and which performs any desired digital processing 
of that number. For example, the computing unit may select digital frequency information attained from 
complementary pairs of sensing elements and multiply them by correction factors. Appropriate correction 
factors can be supplied by control unit 16, which is in turn coupled to a suitable memory interface 22 and 
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correction memory device 24 where the correction factors are stored. 

compuang unit may also compute the sum and difference of the corrected digital numbers and 
thereby compute a rational number or ratio of difference divided by sum. If desired, an additional cor ecbon 
factor can be multiplied by the ratio in order to scale the resulting rational number to correlate the largest 
attainable difference to the largest digital number representee by the number of bits of resolution. In other 
words a "full scale" difference between pairs of sensing elements Is scaled to correspond to the larges 
digital* number that can be represented. For example, in a 10 bit system the ratio may be scaled to a d.g.tal 
number which varies from 0 to 1023 counts. 

The output of computing unit 20 Is supplied to the waveform generator 26 of the invention where tte 
digita. number is converted to a pulse train as will be described more ^^J^^^T 
invention, the above digital number, which may be an Integer number ora ratfojtf '^sernumters .s 
represented using a unique modulated sequence pulse width control technique. The pulse tra n output of 
waveform generator 26 Is fed to low pass filter 28 where the DC component of the pulse train Is extracted 
This component represents an analog voltage level which corresponds directly to the dig tal number 
produced by computing unit 20 and thereby gives an indication of the condition (e.g., Position) be ng 
sensed by the sensing elements 12. By virtue of the digital processing performed by ~ m P" ti "9 u f JO the 
analog voltage level, representing sensor output, can be scaled and fit to any linear or nonlinear transducer 
characteristic by an appropriate transform. 

Referring to Figure 2. the sensor energizer and measuring units are shown in more detail. The sensing 
elements 12 are shown as inductive elements 30 which respond to moving members 32 The sensor 
energizer element 14 consists of a number of selecting devices 34. which may be tr.state buffers The 
seSng devices respond to signals on the select lines 36 used by the control unit 
address and activate the associated sensing element The inductive elements 30 are coupled to capac tor 
38 and to the energy supplying oscillator circuit 40. When a given inductive ^^J^^' £ 
inductive element and capacitor 38 form a resonant tank circuit which ,s energized and set Into osc.llat.on 
by the oscillator 40. The oscillator 40 is controlled by the control unit 16 over control lead 42^ 

The measuring unit 18 comprises an accumulator 44 which is enabled by digital monostable 46 Digital 
monostable 46 receives the system clock on lead 48 and is triggered by the control unit on trigger ^ leac 50. 
When triggered by the control unit, the digital monostable enables oscillator 40 for a fixed penod of time for 
each sensor coil While the oscillator is enabled, the oscillations of each one of the selected .nduchve 
element are fed to the accumulator 44 as data pulses. The number of pulses accumulated for each sense 
coil during the fixed time period constitutes a digital number representing the rate of osc.llat.on resonant 
Suency oTL coil capacitor tank. After the fixed time period has elapsed, the date stored in accumulator 
44 fetched into a selected one of the latches 52. Latches 52 are selectively enabled by the control un.t. A 
latch 52 is provided for each of the individual sensing elements. In that way. the control un.t can selectively 
energize measure and store the resonant frequency of each sensing element. Many implementations may 
use complementary pairs of sensors. In the simplest case a single complementary pair of sensors may be 
employed. In this case, two latches 52 would normally be used. 

Figure 3 depicts in simplified block diagram format the modulated sequence waveform generator of the 
invention. For purposes of explanation only, the circuit of Figure 3 illustrates a 10 b.t 1024 state 
molementation Of course, other resolutions are also possible. The incoming signal, comprising a 10 b, 
dTgtrnumter from computing unit 20. is divided into a 5 bit most significant part (MSP) and a 5 m iea* 
significant part (LSP). The least significant part is applied to a lookup table 54 and the most sign f, cant jpart 
S applied to a digital summing circuit 56 along with the output from lookup table 54. The output of summing 
circuit 56 is applied to a digital monostable 58 which produces output pulses 

Counter 60 divides the system clock on lead 62 by a number corresponding to the number of brts of 
the most significant part of the digital number No from computing unit 20. The terminal count of counter 60 
Wggers monor able 58. As a result, the output pulses generated by monostable 58 have a pulse repetition 
Ste equTl S J dumber by which counter 60 divided the clock and a width determined by the digrtal 
, summing circuit 56 For example, if counter 60 divides the system clock by 32 (which corresponds to the 
dS* , ofTlO fart number No into equal 5 bit most significant and least significant parts) the monostable 68 
will have a Dulse repetition rate of 32 system clock periods. 

The output Pulses of monostable 58 are grouped in sequences of 32 (assuming No s a 10 bit number 
being dMded into equal 5 bit most and least significant parts). The sequence of 32 output pulses is counted 
5 brcounter 64 Mthin the 32 pulse sequence, lookup table 54 generates a corresponding sequence of 1 1 or 
0 detenSned by the least significant part of the number No from computing unit 20 The output of lookup 
tebt 5^ summed with the most significant part in digital summer 56. As a result, the sequence of 32 
Xut putee wNI lave a pulse width" principally determined by the most significant part, wrth selected 



BNSDOCID: <EP 0442209 A 1_l_> 



EP 0 442 209 A1 



pulses being widened by 1 system clock period as determined by the output of lookup table 54. 

Lookup table 54 is preprogrammed to distribute the widened pulses evenly across the 32 pulse 
sequence. As discussed more fully below, distributing the widened pulses provides an output pulse train 
with fewer spectral components above the DC level than would be produced were the widened pulses not 
5 evenly distributed. 

The presently preferred embodiment of waveform generator is adapted to convert a rational number No 
= NW/NP into a pulse train. A detailed schematic of the waveform generator 26 is illustrated in Figure 4. 
Where possible, components having functions similar to those of Figure 3 have been given like reference 
numerals In Figure 4. In general, the technique implemented by the invention may be applied to both 
w integer and rational numbers. Irrational numbers can also be expressed by approximating them as rational 
numbers. 

As previously described, in many sensor applications it is desirable to convert the sensor reading to a 
ratio of difference over sum. Where a complementary pair of sensors are-used, this ratio can be expressed 
(Ti -T2) / <Ti + T2), where Ti and T2 represent the respective readings of the first and second sensing 
75 elements. The numerator (Ti - T2) is designated NW in Figure 4. The denominator (Ti + T 2 ) is designated 
NP. As will be explained, the numerator NW controls the pulse width of the individual pulses of the 
generated pulse train, while the denominator NP determines the period of the pulse train. Both numerator 
and denominator are generated in the circuit of Figure 4 using multiplexing techniques in order to share 
certain components. 

20 A discussion of the circuit for generating denominator NP will be presented first. The digital denomina- 
tor number NP is input on the first digital input bus 66 which comprises individual data lines NP0-NP9. The 
illustrated embodiment is a 10 bit system, however the invention is not limited to 10 bit systems and may 
be practiced using other resolutions by altering the size of the data path and associated compononts. Bus 
66 divides the digital number NP into a most significant part (NP5-NP9) and a least significant part (NP0- 

25 NP4). The most significant part of NP is fed to counter 68. Counter 68 receives the system clock CK as well 
as a latch enable signal /LE. (As used herein, a slash (/) denotes the boolean "NOT" function.) In the 
present implementation the denominator NP is always expected to be between 1024 and 2047. Thus the 
most significant bit P5 of counter 68 may be permanently connected (not shown) to assume the binary 1 
state. 

30 Counter 68 is preset to the complement of the most significant part of NP when it receives the latch 
enable /LE signal. The counter counts up from the preset value to a terminal count which is variably 
determined by the logic circuitry associated with producing and interpreting the /CTRL-P signal on lead 70. 
Generation of this signal is discussed more fully below. When the state on lead 70 is binary 0, counter 68 
counts up to a value of 62. When the state on lead 70 is a binary 1, counter 68 counts up to a value of 63. 

35 Modulation of the terminal count of counter 68 results in a selective widening of the period of the output 
pulse train. The period of the output pulse train corresponds to the denominator value NP. 

The least significant bits of denominator NP are transmitted via bus 66 to a 5 bit multiplexer 72, which 
in turn routes the least significant portion to address lines A5-A9 of a read only memory (ROM) containing 
lookup table 54. The ROM lookup table 54 outputs either a binary 1 or 0 on output lead 74, depending on 

40 the stored value at that address. A table listing the presently preferred lookup table is given in the 
Appendix. 

The output of lookup table ROM 54 is applied to the data input of latch 76 where that value is held until 
gated by the signal LEP on lead 78. The inverted output /Q of latch 76 provides the /CTRL-P signal. The 
signal LEP is generated by the logic gating network shown generally at 80. 

45 Processing of the numerator NW is handled in a similar fashion. The numerator NW is applied to the 
second digital input bus 82, which splits into a most significant part (NW5-NW10) and a least significant part 
(NW0-NW4). The most significant part is applied to counter 84 as an initial preset value, which is read when 
the latch enable signal /LE is received. Counter 84 counts down from the preset value to a 0 terminal count. 
The least significant part (NW0-NW4) is applied to ROM lookup table 54 at addresses A0-A4 through the 

so multiplexer 72. The /Q4 output of counter 68 is connected to multiplexer 72. The state of this output selects 
whether NP or NW is connected to ROM lookup table 54. The output of ROM lookup table 54 is also 
applied to the data terminal of latch 86 which is gated by the LEW signal on lead 88. The LEW signal is 
also generated by the logic gating network 80. The Q output of latch 86 provides the CTRtL-W signal which 
selectively widens the pulse width of a selected pulse in the pulse train sequence. NAND gates 90 and 92 - 

55 (comprising digital summing circuit 56) add the pulse widening signal CTRL-W with the output of counter 84 
to drive the monostable circuit 58. Counter 84 provides an output TC which is low until the 0 terminal count 
is reached, whereupon the output TC goes high. 

The resulting output pulse train waveform comprises a sequence of pulses in which the principal pulse 
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width is dictated by the most significant part of numerator NW. with the pulse width of selected pulses 
being lengthened in accordance with the least significant part of numerator NW. The unique characteristics 
of the pulse train waveform generated by waveform generator 26 has profound implications upon the design 
of low pass filter 28. The pulse train waveform has far fewer non-DC harmonics than the output waveform of 
a conventional pulse width modulator. Because fewer harmonics are generated, the low pass filter, used to 
extract the DC component, can have a significantly higher cutoff frequency and thus a significantly faster 

response time. . 

In order to understand the operation of the circuit of Figure 4 more fully, refer to the timing diagrams of 
Figures 5-8. Figure 5 is a timing diagram showing the time relationships among various signals within the 
circuit of Figure 4. Figure 6 Is a detail of the diagram of Figure 5 represented by the interval T-T of Figure 
5. Figures 7 and 8 correspond to the interval U-U of Figure 5. Figure 7 being the case where CTRL-P = 0 
and Figure 8 being the case where CTRL-P = 1 . 

Specifically. Figure 5 shows the relationship of the states of counters 68 and 84, lookup table ROM 54, 
timing signals LE, LEP, LEW, CTRL-P and CTRL-W. In addition, Figure 5 also shows the output POUT of 
ts monostable 58, which produces the output pulse train of the waveform generator 26. In the timing diagrams 
of Figure 5 the lower case n represents the status of counter 64. Similarly, Figure 6 gives the timing states 
of counter 68, lookup table ROM 54 as well as control signals LEP, LEW, CTRL-P and CTRL-W, all for the 
time interval designated T-T on Figure 5. «. 
Figures 7 and 8 specifically show the states of the Q0-Q5 outputs of counter 68 in relation to the 
10 system clock CK, the D input of latch 94 and the latch enable signal LE. When CTRL-P = 0. the count 
sequence of counter 68 begins with the preset value read at /PO through /P4 and proceeds as follows: 

Preset Preset +1, Preset +2 60, 61. 62. In this case the total number of states equals the repetition 

period'which is 63 minus the Preset value. This, in turn, is equal to \Preset = NP[10 ... 5], where NP10 - 

25 1 For the case where CTRL-P - 1. the count sequence of counter 68 is as follows: Preset. Preset +1, 
Preset +2, ... 60. 61. 62. 63. The total number of states equals the repetition period, which in this case, is 
64 minus the Preset value. This is in turn equal to 1 + (63 - Preset), equals 1 + /Preset = 1 + NP[10 . . . 
5], where NP10 = 1. 

Referring now to Figure 9, a comparison will be made between the output of a conventional pulse width 
30 modulator and the waveform generator of the invention. Specifically. Figure 9 comprises a timing diagram 
comprising lines designated A through F. In this case, a 10 bit resolution is assumed for both conventional 
pulse width modulator and the invention waveform generator. In Figure 9. To is used to denote the clock 
period and f dk to denote the clock frequency (1/T 0 ). No denotes the digital output from the computing unit 
20 For a 10 bit system No can be any value from 0 to 1023. N u denotes the most significant part of N 0 and 
35 N| denotes the least significant part of N 0 . For a 10 bit system, assuming the digital output number No is 
split into equal parts of 5 bits each. N u and N, can be any value between 0 and 31. For simplicity, N 0 is in 
this example assumed to be an integer number. As explained above, the invention can be practiced upon 
rational numbers and also upon irrational numbers by approximation. In general, the benefits of the 
invention as applied to integer numbers are equally applicable to rational numbers and approximated 

40 irrational numbers. u 
In Figure 9. line A illustrates how a conventional pulse width modulator would convert a digital number 
No into a pulse train. As illustrated, the pulse width of the pulse train of line A is a direct product of the 
integer number No and the clock period. The pulse train comprises only a single ON/OFF cycle over the 
time interval illustrated. The time interval illustrated is the resolution number 1024 multiplied by the clock 

45 P "" lines B through F illustrate various aspects of the inventive waveform generator. In line B the output 
pulse train is illustrated, as it would appear if only the most significant part of No is considered. In this 
instance, the pulse train comprises a sequence of ON/OFF cycles. 32 in number. There are 32 in number 
because it has been assumed that the 10 bit number No has been divided into equal 5 bit halves, each half 
being capable of representing a number in the range of 0 - 31. Since only the most significant part is 
considered on line B, all ON/OFF cycles are of identical pulse width for the entire sequence of 32 pulses. 

The actual output waveform of the waveform generator of the invention is depicted on line E. Line iE 
takes into account both the most significant and the least significant parts of N 0 . Although some of the 
individual ON/OFF pulse widths remain unchanged from that of line B. others are lengthened by one clock 
period Line C shows the state of counter 64 (which applies the lowermost address values A0-A4 - to lookup 
table ROM 54). Line D gives the output of lookup table ROM 54 for the case where the least significant part 
N, = 10 Line F gives the difference waveform between lines E and B. It is seen that the pulses wh.ch occur 
when line D is high are lengthened by one clock period T 0 . The lookup table is used to evenly distnbute or 
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spread out the pulse lengthening events over the entire sequence in order to minimize the high frequency 
spectral components as much as possible. This has advantages in improving filter response time and thus 
system response time. 

To gain a better understanding of how the invention Improves system response time, Figures 10 and 11 
compare the spectral content of typical output waveforms of the conventional pulse width modulator (Figure 
10) and of the waveform generator of the invention (Figure 11). In both instances, it is assumed that the low 
pass filter, e.g., low pass filter 28, is a two-pole filter for which the output is attenuated 12dB per octave past 
the cutoff frequency fc. (n Figures 10 and 11, the DC component as well as the first, second and third 
harmonics of the representative output waveform are illustrated. These spectra will vary, depending on the 
value of the digital number No. 

The purpose of the low pass filter is to extract the DC component by attenuating the higher order 
harmonics to at least 50% of the value for the least significant bit represented by the system. In. practice, in 
order to accurately resolve the least significant bit, harmonics above* the DC component should be 
attenuated by. a factor greater than 2048 (for a 10 bit system). 

In comparing Figures 10 and 11, note that a substantial portion of the high frequency energy of the 
pulse train of Figure 11 occurs at the spectrum of the most significant part (line B of Figure 5). The 
spectrum of the most significant part is f C ik/32 in this example. The spectra associated with the least 
significant part are considerably lower in energy, as illustrated in Figure 1 1 . In contrast, a conventional pulse 
width modulation approach produces very substantial energy levels in the first, second and third harmonics, 
specific levels being dictated by the value of No. In order to filter out these higher order harmonics, the filter 
appropriate for the pulse train of Figure 10 has a cutoff frequency f c which is substantially lower than the 
corresponding cutoff frequency of the filter appropriate for the pulse train of Figure 11. In Figures 10 and 11 
frequency is plotted along the horizontal axis using a linear scale rather than a logarithmic scale. This 
accounts for the difference in slope of the 12dB per octave dropoff of the respective figures. 

Because the low pass filter may have a much higher cutoff frequency when using the waveform 
generator of the invention, a much faster system response time results. Moreover, the higher cutoff 
frequency dictates smaller filter components, making the system well-suited for automotive and other mass 
production applications. 

While the invention has been shown and described in connection with the presently preferred 
embodiments, the invention is capable of certain modifications without departing from the spirit of the 
invention as set forth in the appended claims. 
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Claims 



1. A method of representing an integer number No as a variable duty cycle pulse train of predetermined 
55 repetition rate comprising: 

dividing said integer number N 0 into a most significant part and a least significant part: 
representing the most significant part as a sequence of a predetermined number of pulses wherein 
the duty cycle of each pulse represents a value corresponding to said most significant part; 
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representing the least significant part by selectively altering the duty cycle of selected ones of said 
pulses; 

wherein the sequence of pulses so altered, when integrated over the sequence, represents said 
integer number No. 

5 

2. The method of Claim 1 further comprising integrating the sequence of pulses so altered to produce a 
representation of said integer number No. 

3. The method of Claim 1 further comprising low pass filtering the sequence of pulses so altered to 
io produce a DC component representing said integer number No. 

4. The method of Claim 1 wherein said most significant part and said least significant part each comprise 
predetermined numbers of digits. 

75 5, The method of Claim 1 further comprising defining a sequence by selecting a number of said pulses 
equal to the maximum number capable of being represented by the digits of said least significant part. 

6. The method of Claim 5 further comprising selectively altering the duty cycle of a number of pulses 
within said sequence where the duty cycle of the altered pulses represents the least significant part. 

20 

7. A method of representing a rational number [NW/NP] comprising numerator NW and denominator NP 
as a variable duty cycle pulse train of predetermined repetition rate comprising: 

dividing said numerator NW into a most significant part and a least significant part, each part 
comprising first and second predetermined numbers of digits, respectively; 
25 dividing said denominator NP into a most significant part and a least significant part, each part 

comprising third and fourth predetermined numbers of digits, respectively and wherein said fourth 
predetermined number equals said second predetermined number; 

representing the most significant part of said numerator NW as a first sequence of a predetermined 
number of pulses wherein the duty cycle of each pulse represents a value corresponding to said most 
30 significant part; 

representing the most significant part of said denominator NP as a second sequence of a 
predetermined number of pulses wherein the duty cycle of each pulse represents a value correspond- 
ing to said most significant part; 

representing the least most significant part of said numerator NW by selectively altering the duty 
35 cycle of selected ones of said pulses of said first sequence; 

representing the least significant part of said denominator NP by selectively altering the duty cycle 
of selected ones of said pulses of widths of pulses in the said second sequence; 

combining said first and second sequences to define a train of pulses of width corresponding to 
said first sequence and of period corresponding to said second sequence; 
40 wherein said train of pulses when integrated represents said rational number [NW/NP]. 

8* The method of Claim 7 wherein the most significant part of the numerator and denominator have the 
same number of digits. 

46 9. The method of Claim 7 wherein the least significant part of the numerator and denominator have the 
same number of digits. 

10. The method of Claim 7 further comprising representing the least significant part of denominator NP as 
a repetitive sequence of said pulses with period determined by the most significant part of denominator 

so NP, wherein the number of pulses of said sequence is equal to the maximum value of the least 
significant part of denominator NP, and wherein the periods of individual pulses within said sequence is 
selectively altered as determined by the particular value of the least significant part of denominator NP. 

11. The method of Claim 7 further comprising representing the most significant part of the numerator NW 
55 as a second repetitive sequence of pulses wherein the periods of said pulses is equal to the periods of 

the first sequence of pulses, and wherein the width of pulses represents a value corresponding to said 
most significant part of numerator NW. 



11 



BNSDOCID: <EP 0442209A1 J_> 



EP 0 442 209 A1 




BNSDOCID: <EP 0442209 A 1 J _> 



12 



EP 0 442 209 A1 



Selecting 
jo Devices 




Sensing 
Elements 




Energy 
Supply 



11 



.36 



*9 



Accumulator 



Digital 
Monostable 



t 



Trigger Reset 



v 

From Contof Unit 



62 





Latch 






#1 




To 

Computing 
Unit 



3- 



BNSDOCID: <EP 0442209A1 J_> 



13 



EP 0 442 209 A1 




BNSDOCID: <EP_ 



_0442209A1_L> 



14 



EP 0 442 209 A1 




BNSDOCID: <EP 0442209 A 1_l_> 



15 



EP 0 442 209 A1 




BNSDOCID: <EP 0442209A1_I_> 



16 



EP 0 442 209 A1 



r. 



A 

u w w u 



|5 



I? 



1? 



I 



5 



X 



x 



1 



8 



H 

5: 



a 



5>j » JD 

o o o o 



BNSDOCIO: <EP 0442209A1J_> 



17 



EP 0 442 209 A1 




BNSDOCID: <EP 0442209A1_I_> 



18 



EP 0 442 209 A1 




BNSDOCIO: <EP 0442209A1_I_> 



19 



EP 0 442 209 A1 



A 






DC 




2nd , 


Jrd 


' ' Component 




Harmonic 






Harmonic 








>. 



Attenuations 



(dB) 



OdB 




2xfax 
1024 



Sxfcuc Frequency 



1024 



Prior Art 



fc 



3- 



Frequency^ 




1024 

Attenuations 
OdB 



3- -1~L 



BNSDOCID: <EP 0442209A1J_> 



20 



J 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 



DOCUMENTS CONSIDERED TO BE RELEVANT 



EP 90313524.2 



Category 



Citation of document with indication, where appropriate, 
of relevant passages 



GB" - A - 2 196 498 
(SONY) 

* Abstract * 

US - A - 4 685 114 
(WELLING) 

* Abstract * 



The present search report has been drawn up for all claims 



Relevant 

to \ 



CLASSIFICATION OF THE 
APPUCATION (lot. <X5) 



H 03 K 7/08 



TECHNICAL FIELDS 
SEARCHED (lot. CL5) 



H 03 K 7/00 
G 01 D 5/00 



Floor «f tear* 

VIENNA 



Dale of coapfctmi «f tW mwxk 

30-04-1991 



KUNZE 



§ 

1 

c 



CATEGORY OF CITED DOCUMENTS 

X : particularly relevant If lakes alone 

Y : particular^ relevant if combined with another 

document of the same category 
A : technological background 
O : non-written disclosure 
P : Intermediate document 



T : theory or principle underlying the Invention 
E : earlier patent document, but published on, or 

after the filing date 
D : document cited is the application 
L : document cited for other reasons 



a : member of the s 



i patent family, corresponding 



BNSDOCID: <EP 0442209A1_I_> 



I 



) 



THIS PAGE BLANK (usmo) 



